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1. Introduction: Polyaniline 
 Polyaniline (PANI) is one of the most interesting conducting polymers. 
Polyaniline has a high level of electrical conductivity, good redox and ion-exchange 
properties, excellent environmental stability, and easy way of preparation from common 
chemicals (Gospodinova et al. 1998, Kang et el. 1998, Stejskal et al. 2002a). That is 
why PANI has a good application potential and has been studied for more than last three 
decades. 
 The preparation of PANI is a simple chemical process from the technical point 
of view. In fact, the aniline oxidation is represented by an intricate interplay of 
consecutive reactions, which are still far from being completely understood. The 
synthesis of PANI depends on the reaction conditions. There are many parameters that 
are regarded to be important in the control the properties and PANI morphology (Focke 
et al. 1987, Wei et al. 1987). These include especially the chemical nature of the 
oxidants, the acid protonating aniline and reaction intermediates during the oxidation, 
concentration of reactants (especially that of aniline and oxidant) and their molar 
proportions, temperature, solvent components, the presence of additives (e.g., colloidal 
stabilizers and surfactants), templates added to reaction mixture, etc. It is not completely 
obvious to the experimentalists, which of these parameters can aim the synthesis in the 
direction of the desired products. The organized supramolecular structures of PANI, like 
nanotubes and nanowires, have been discovered during the search for the optimum 
reaction conditions and so far there are no unambiguous concepts of their genesis. 
Despite the considerable effort exploited in this direction, the complete and generally 
accepted reaction scheme of aniline oxidation under the various reaction conditions has 
not been produced. Even less is known of the reaction between the molecular and 
supramolecular structures. The simple concepts are needed, which would explains the 
generation of all types of supramolecular structures and, at the same time, relate them to 
the molecular structure produced in the individual phases of aniline oxidation. 
 
1.1. Preparation of polyaniline 
 The understanding of the molecular mechanism of aniline oxidation sets the 
basis of the successful control of the PANI synthesis. Namely, the molecular processes, 
determining the molecular structure of the oxidation products, predetermine the physical 
and chemical properties of products and their supramolecular structure. The present 
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knowledge about aniline oxidative polymerization can briefly be summarized as 
follows. 
 Aniline can be oxidized by the two main methods, chemically or 
electrochemically. In this work the chemical method for the polymerization has been 
used. The oxidation typically takes place in various aqueous media and variety of 
oxidants can be used for this purpose (Figure 1). The synthesis may yield a product 
having different properties and various supramolecular morphologies. Depending on the 
preparation conditions, they can be soluble in various organic solvent or insoluble in 
any solvent. 
 
 
 
 
 
 
 
 
 
Figure 1. The scheme of the aniline polymerization. 
 
 The oxidative polymerization of aniline at pH<2 belongs to the class of chain 
reactions (Stejskal et al. 1996, Wei et al. 2001). The growth of chains proceeds by the 
addition of monomer aniline molecules to the active chain end. Emeraldine form of 
PANI is formed during the standard polymerization of aniline and the sulfuric acid is a 
by-product.  
 The conducting PANI macromolecules have a regular structure. More than 95 % 
of constitutional units are linked in head-to-tail para positions. The fraction of 
molecules linked in other way is small (Bacon et al. 1968, Hagiwara et al. 1987). It is 
quite surprising that such a regular structure is produced at relatively high temperature 
and during a fast reaction. As a rule, the chains of ordinary polymers produced under 
such conditions are composed of units having various microstructure. The regular 
Komentář [E1]:  
4 
chains are produced only with specific catalysts, such as of Ziegler-Natta type, during 
the slow polymerizations at low-temperature (Ledwith et al. 1974). 
 
1.2. Properties of polyaniline 
 The oxidative polymerization of aniline gives rise to PANI which exists in a 
variety of forms, differing in the degree of oxidation or extent of protonation, or both 
(Stejskal et al. 1995b). For the discussion of PANI forms and their interconversions, the 
following scheme of PANI forms was proposed (Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Forms of polyaniline (Stejskal et al. 1996). 
 
 The most important form of PANI, protonated emeraldine, is produced by the 
oxidative polymerization of aniline in aqueous acids, it is green and conducting. The 
positive charge on aniline units is balanced by negatively-charged counter ions of 
organic or inorganic nature. This form of PANI is stable. Protonated emeraldine 
converts to the blue emeraldine base in alkaline medium. This transition proceeds 
already at pH 6–7. The emeraldine base has the same number of non-protonated imine 
and amine groups (Epstein et al. 1987); it is non-conducting and it has blue colour. 
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 If stronger oxidizing conditions are applied, PANI is converted to protonated 
pernigraniline (MacDiarmid et al. 1985, Stejskal et al. 1993), which is blue and may be 
expected to be conducting, a subsequent treatment with an alkali results in the 
pernigraniline base, which is violet and non-conducting. The acid–base transition occurs 
at pH 0-1. The two blue forms, protonated pernigraniline and emeraldine base, are of 
different colour shades. 
 Polyaniline can be reduced to colourless, non-conducting, leucoemeraldine. The 
scheme shows a set of interrelated structures which require only the exchange of 
protons or electrons or both to undergo interconversion. Such a scheme is compatible 
with all the known facts. 
 
1.3. Morphology of polyaniline 
 Polyaniline is a unique conducting polymer. It exists in variety of protonated and 
oxidation forms and it also has different supramolecular morphologies. Polyaniline 
nanogranules can be prepared when aniline is polymerized in the strongly acidic 
aqueous media and is currently used for the synthesis of a conducting PANI (Stejskal et 
al. 1993, Gospodinova et al. 1993). 
 A lot of work has been done on the preparation of the PANI nanotubes and 
nanowires. The pioneering papers have been published by Wan group (Huang et al. 
1999, Qiu et al. 2001a, Qiu et al. 2001b). It has been proposed that the presence of 
organic acids produce the soft template by the reaction with aniline. Such salts have 
been assumed to organize into micelles. Later, however, the nanotubes have been 
synthesized in the presence of inorganic acids or without any acids, just in water 
(Konyushenko et al. 2006a). It should be mentioned that when polymerization proceeds 
just in water, PANI nanosheets can also be formed in addition to nanotubes. Another 
type of morphology is represented by microspheres (Venancio et al. 2006, Stejskal et al. 
2008). When aniline has been oxidized in the presence of ammonium peroxide, in 
alkaline media when pH>7. Under those conditions oligo-aniline microspheres are 
formed.  
 
1.4. Composite materials   
 One of the most interesting and novel materials are the carbon nanotubes (CNT). 
Carbon nanotubes have a high degree of constitutional organization. They exist as two 
fundamental forms, single-wall and multi-wall carbon nanotubes (MWCNT). Since the 
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discovery of CNT, attention has been given to its surface modification in order to get 
separated and uniformly dispersed CNT and thus to produce useful composite materials. 
MWCNT have been coated by a conducting polymer PANI, as the method to modify 
the surface of CNT. In such composite materials, PANI acts as an adhesive of the 
individual CNT. Polyaniline coating converts the original hydrophobic surface of CNT 
to hydrophilic one and provides a good compatibility with other hydrophilic 
compounds. PANI is a mixed proton and electron conductor. This is important in 
processes than involve the simultaneous transport of protons and electrons, e.g. in 
hydrogen evolution reaction (Damian et al. 2006) or in fuel-cell electrodes (Deng et al. 
2005). Conducting polymers exhibits redox properties; in the combination with CNT 
they have also been used as electrodes in the supercapacitors (Frackowiak et al. 2006, 
Gupta et al. 2006). 
 CNT prepared by chemical-vapour deposition method often include metal 
nanoparticels, which serve as catalytic centers for the nanotubular growth during CNT 
preparation. The ferromagnetic materials (Fe, Co and Ni) and their alloys are used as 
catalysts and their nanoparticels are incorporated into CNT. Iron-filled aligned multi-
wall CNT shows significant uniaxial magnetic anisotropy related to the cylindrical 
shape of the aligned iron particles. Such materials may find application in future 
magnetic storage devices (Mehl et al. 2003). Other examples of such materials are CNT 
or PANI nanotubes filled with nickel, which have the coercivity an order of magnitude 
higher than that of bulk nickel (Bao et al. 2002, Cao et al. 2001). 
 
1.5. Applications 
 The great variety of properties are displayed by the organic conducting polymers 
have led to a large array of applications that are at various stages of development. These 
include electromagnetic shielding for computers and other electronic apparatuses, 
conducting coatings for loudspeaker membrane, gas sensors (‘electronic noses’) to 
identify the presence of small quantities of different gases, battery electrodes, 
membranes to separate unwanted ions from solutions, corrosion-resistant coatings to 
prevent rusting, and cheap disposable electronic chips for automatic pricing of 
supermarket goods, and many others (Kaiser et al.  2001). 
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2. The aim of the Thesis 
It has been shown that PANI exists in variety of forms, differing in degree of 
oxidation or extent of protonation, or both. Recently, few mechanisms of aniline 
polymerization have been proposed in the literature, but so far the complete and 
generally accepted reaction scheme of aniline oxidation under the various reaction 
conditions has not been produced. That is why this work is concentrated on the 
formation of different structures of PANI under various reaction conditions and on the 
explanation of processes occurring during the polymerization. Also, it has been studied 
how the polymerization conditions influence the supramolecular morphology of PANI. 
The second part of the Thesis is concentrated on the preparation of the composite 
materials of PANI and multi-wall carbon nanotubes.  
In this work, the course of aniline polymerization in various acidic media has 
been investigated by following the dependences of temperature and pH on time. Aniline 
was oxidized under different conditions: the temperature has been changed from – 25 oC 
to + 25 
o
C; the polymerization has started in different acidic solutions (pH was changed 
from 10 to 2.5); the various doping acids have been used – organic or inorganic; the 
ratio of monomer to oxidant has been changed, etc. Polyaniline prepared under these 
conditions have been studied by different methods. FTIR and Raman spectra were used 
to analyze the molecular structure; scanning and transmission electron microscopies 
were employed to see the supramolecular structures; gel permeation chromatography 
was used to determine the molecular weight, and the conductivity was measured. 
The mechanism of the aniline oxidation was proposed and related to the 
formation of supramolecular structures of PANI under different reaction conditions. The 
special attention has been paid to PANI nanotubes.  
The composites PANI/CNT have been prepared at various conditions like, the 
concentration of CNT was changed from 0 to 80 wt%, and the doping level of 
conducting polymer films was also varied. There two kinds of CNT have been coated: 
pure CNT and CNT with incorporated nickel nanoparticles. All composite materials 
have been studied by different methods and possible application has been proposed. 
 The Thesis consists of five papers published in international journals, one 
accepted for the publication, and one submitted manuscript after a minor revision 
(Appendices A–E). They can be divided into two groups: (1) the synthesis of various 
morphologies of PANI and (2) the preparation of composite materials, CNT/PANI. 
Another three papers have not been included in the present Thesis. 
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3. Polyaniline nanostructures 
3.1. The mechanism of aniline oxidation 
Aniline is oxidized in-situ by ammonium peroxydisulfate in aqueous media to 
PANI. Aniline, a primary amine with moderate basicity, has pKa = 4.6 (CRC 1995). The 
most of aniline molecules become protonated already at pH<4 (Figure 3) (Stejskal et al. 
2008). Oligomers and polymer chains have terminal primary amine groups with the pKa 
value close to that of aniline. There are many ‘internal’ secondary amine units in the 
chains that are much weaker base and become protonated only at pH<2 and lower 
(Perrin et al. 1972, Barton et al. 1979). The phenazine units are protonated still at lower 
pH<1 (Wu et al.  1997, Komura et al. 2000).  
 
 
 
 
 
 
 
 
 
Figure 3. The protonation of neutral aniline molecules depends on pH. 
  
It is very important to realize that the protonated and non-protonated amino 
groups have different reactivity. The oxidation potential of protonated amines is 
considerably higher due to the reduced electron density of the molecule, in the 
connection with the localization of a positive charge on this molecule (Ćirić-Marjanović 
et al. 2006). The oxidation of both the protonated aniline and the terminal primary 
amino groups in oligomers is much more difficult compared with the non-protonated 
analogues. 
 The oxidation of aniline to the chain structures always involves abstraction of 
hydrogen atoms as new covalent bonds are produced between the aniline molecules. 
One monomer addition needs the elimination of two protons (Figure 1). That is why the 
acidity of the reaction mixture always increases during the oxidation. The originally 
predominant deprotonated molecules thus gradually convert to protonated forms and the 
mechanism of the oxidation changes as the oxidation proceeds (Stejskal et al. 2008). In 
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this way, the oxidation of aniline is a complex albeit well-defined dynamic process. We 
can say that the reaction pathway of aniline oxidation changes during the transition from 
the non-protonated to protonated amines. The oxidation process itself can be analyzed 
by following time dependences of acidity that increases in the course of reaction 
because sulfuric acid is a by-product, and/or temperature, the oxidation is exothermic 
(Konyushenko et al. 2006a).  
 
3.1.1. Oxidation in the solutions of strong acids 
 The oxidation of aniline in the solutions of strong acids; like sulfuric or 
hydrochloric acids, starts at pH 2.4 and decreases during the reaction up to 1 (Figure 4). 
The pH decreases from the very beginning of the reaction, indicating that some process 
took place during the induction period, which precedes the exothermic polymerization. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The changes in temperature (squares) and acidity (circles) during the oxidation of 0.2 M aniline 
with 0.25 M ammonium peroxydisulfate in 0.1 M sulfuric acid (Konyushenko et al. 2006a).  
 
 Aniline molecules are present dominantly in the form of anilinium cations in the 
solutions of strong acids; the concentration of neutral aniline molecules is very low. 
That is why the process of oxidation is slow (we can observed the induction period 
Figure 4). During the induction period, there is virtually no heat evolved during this 
stage, and also the changes in pH are hardly spotted. Under such conditions, anilinium 
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cations are formed as oligomers, dimers and trimers. The blue colour at the beginning of 
the induction period corresponds to the oxidized forms of semidines, amino-
diphenylamines (Figure 5) (Ćirić-Marjanović et al. 2006).  
 The induction period is followed by the fast exothermic process associated with 
the growth of the polymer chains. The reaction mixture becomes heterogeneous because 
the reaction intermediates and products are not soluble in the medium. The blue colour 
of the reaction mixture deepens (the absorption maximum is located at 690 nm (Stejskal 
et al. 1995a), the thin polymer film is produced at the air/solution interface having a 
violet metallic tint. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Formation of aniline dimers. 
 
We assume that the subsequent oxidative reaction of aniline dimer, o-semidine with 
aniline or intramolecular cyclization of trimers yields the stable structures of phenazine 
types: phenazine and N-phenylenphenazine (Figure 6). 
 The formation of a phenazine heterocycle is promoted by the acidic medium. 
They play the role of nucleates and initiation centres in the further propagation of 
polymer chains (Stejskal et al. 2006). The formation of the phenazine structures is 
confirmed by different methods, such as UV–visible spectra (Stejskal et al. 1993) and 
FTIR and Raman spectroscopies (Šeděnková et al. 2007, Trchová et al. 2006).   FTIR 
spectra of the early oxidation product are presented on the Figure 7. 
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Figure 6. Formation of aniline trimers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. FTIR spectra of products isolated in the early stages of aniline oxidation (after 4 min) in 0.1 M 
sulfuric acid, 0.4 M acetic acid, or 0.2 M ammonium hydroxide (Stejskal et al. 2008). 
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 FTIR spectra of oxidation products collected in the early stages of oxidation in 
the solutions of a strong and weak acid are virtually identical. This is one of the most 
important observations of this study (Stejskal et al. 2008). The presence of the peaks at 
1625, 1445, and 1414 cm
–1
 is a common feature of all the early oxidation product. The 
last peak may be assigned to a totally symmetric stretching of the phenazine ring (Viva 
et al. 1999, Dines et al. 2001). Phenazine-like units can also be detected by the bands at 
1208 and 1136 cm
–1
 and their contribution to the band at 1145 cm
–1
 is possible. The 
bands observed at 1445 and 1414 cm
–1
 in the spectrum of o-semidine 
(2-aminodiphenylamine), where they are much stronger than in the spectrum of 
p-semidine (4-aminodiphenylamine), support the presence of ortho-linked aniline 
constitutional units in the oligomers. The band at 1625 cm
–1
, with a shoulder at ~ 1630 
cm
–1
, corresponds to the C=C stretching vibration in a phenazine-like segment (Li et al. 
2005), including a contribution from C=N stretching vibrations (Malinauskas et al. 
1998).  
 Further oligomer growth is suppressed due to its high oxidation potential and the 
low concentration of available neutral aniline. When pH becomes sufficiently low, the 
chain propagation starts from the initiation centers: phenazines and N-phenylphenazines 
(Figure 8). The concrete chemical structure of such a centre is still open to discussion 
and the formula shown in Figure 8 is only one of possible structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Propagation: The formation of the polyaniline chain.  
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 The first attachment of aniline monomer to a phenazine nucleate takes place at 
the high oxidation potential, 1.5 V. If it takes place, the formation of future initiation 
centers of the chain growth proceeds. The propagation produces the conjugated system 
over which the electrons can be delocalized. At the propagation stage, the oxidation 
potential of the products decreases and the chain growth takes place (Zhang et al. 
2006a, Genies et al. 1990, Bejan et al. 1998). The regular polymer-chain structure is 
formed due to the many times repeated reactions of para-substitutions. The oxidation 
degree of the growing chains is between emeraldine and pernigraniline forms (Madathil 
et al. 2004). It is confirmed by the optical spectra, a broad absorption band of 
pernigraniline at 690 nm is observed (Stejskal et al. 1995a). The protonated 
pernigraniline oxidation state implies the large fraction of imine groups in polymer 
chain carries a positive charge. The polymer chain has the possibility to reduce its 
energy, to delocalize the charge along the conjugated system. This can be achieved 
when the polymer chain has a flat configuration with alternating benzenoid rings and 
amino groups. Such structure is found with the polymer chains constituted by para-
linked aniline units connected in head-to-tail type. The benzene rings lay in a plane in a 
zig-zag configuration (Pouget et al. 1991). In this configuration, the macromolecules 
have a maximum conjugation and charge delocalization.  
 The oxidation of aniline proceeds until one of the reactants or both become 
depleted. After the depletion of one of the reactants or both, the polymerization stops. 
The structure of PANI depends on the reactant, which was present in excess. If there 
was an excess of oxidant, the resulting polymer remains in the pernigraniline form 
(Manohar et al. 1991). This applies especially at the molar ratio 
[peroxydisulfate]/[aniline]>1.5. If the reaction has been carried out at stoichiometric 
conditions, the molar ratio [peroxydisulfate]/[aniline]=1.25 (Stejskal et al.  2002b), or at 
aniline excess, pernigraniline is reduced in the end of the reaction to emeraldine and 
aniline oxidized at the same time to emeraldine (Stejskal et al. 1996, Kolla et al. 2005). 
 Some authors have proposed that the hydrolysis of reactive centers takes place 
during the oligomerization as well as in the polymerization and can be regarded as a 
termination step (Gospodinova et al. 1994). The hydrolyzed terminal amino group 
effectively blocks any further growth reactions. It is well known that the molecular 
weight of PANI can be increased by the reduction of polymerization temperature 
(Zengin et al. 2007, Mattoso et al. 1994, Stejskal et al. 1998, Stejskal et al. 2004). This 
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experimental facts well correspond to the concept of hydrolytic termination, when the 
rate of the hydrolysis is reduced at lower temperature.  
 
3.1.2. Oxidation in the solution of weak acids 
 When the polymerization is conducted in the solutions of weak acids, the aniline 
and primary amino groups in oligomers become protonated but the intrinsic secondary 
amino groups are not. The temperature and acidity profiles during the oxidation of 
aniline with ammonium peroxydisulfate are shown in Figure 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Time dependence of pH and temperature during the polymerization of aniline in 0.4 M acetic 
acid. 
 
 The polymerization in the aqueous solutions of weak acids (acetic, succinic, 
phosphoric acids and etc.) starts at pH~4.5 and drops, as sulfuric acid has been 
produced by the decomposition of peroxydisulfate, and hydrogens are removed from 
aniline as protons. When the oxidation of aniline starts at mildly acidic conditions, at 
pH 4.5 in the weak organic or inorganic acids; the reaction mixture is rich of both 
neutral aniline molecules and anilinium cations. Neutral aniline molecules are easily 
oxidized to oligomers (Figure 10), and the released protons reduce the pH (Figure 9). 
The equilibrium between the aniline molecules and anilinium cations shifts in favour of 
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latter species. Anilinium cations are much more difficult to be directly oxidized, 
because the electron pair on nitrogen, which is delocalized in neutral aniline molecules, 
becomes localized in anilinium cations (Cram et al. 1964). That is why the reaction 
virtually stops (Fu et al. 1994, Stejskal et al. 2006), and the temperature starts to 
decrease (Figure 9). Yet, there is always equilibrium between the protonated and neutral 
species, both species always coexist, and the oxidation of neutral aniline molecules still 
proceeds with preference even if their content is very low (Stejskal et al. 2008). This is 
manifested by a continuing decreasing pH under such conditions (Figure 9). The 
situation corresponds to the induction period observed in the classical polymerization of 
aniline in the acidic media. The situation changes when pH<2 (Figure 9). Such 
conditions correspond to those of oxidation in the solutions of strong acids, and indeed 
sulfuric acid is produced in the course of oxidation (Figure 1). The exothermic 
polymerization then follows (Figure 9). 
 During the induction period, the highly deficient neutral aniline is still the only 
species which is oxidized; the predominating anilinium cations are not prone to direct 
oxidation. The ortho- and para-linked aniline units produced (Figure 10). 
 
 
 
 
 
 
 
 
 
 
Figure 10. The formation of aniline dimers. 
 
The aniline dimers, 4-aminodiphenylamine (4-ADPA) and 2-aminodiphenylamine (2-
ADPA), show complex redox and acid–base behavior (Ćirić-Marjanović et al. 2006). 
The 4-aminodiphenylamine has a considerably lower electrochemical potential 
compared with aniline (Gospodinova et al. 1993). This is the reason for the 
instantaneous oxidation of 4-aminodiphenylamine. The 2-aminodiphenylamine base 
form is slightly more oxidizable than aniline, but less oxidizable than  
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4-aminodiphenylamine (Figure 11). 
 
 
 
 
 
 
 
 
 
 
Figure 11. The formation of oxidized forms of 4-ADPA and 2-ADPA (Ćirić-Marjanović et al. 2006). 
 
 The oxidized form of 4-aminodiphenylamine, N-phenyl-p-benzoquinonediimine 
(PBQI), has been identified at the initial stage of the aniline oxidative polymerization by 
using UV–visible absorption spectroscopy (Gospodinova et al.  1993). The reaction take 
places when pH<4, so the further step is the conversion of dimers to trimers (Figure 12). 
 
 
 
 
 
 
 
 
 
 
Figure 12. The formation of trimers (Ćirić-Marjanović et al. 2006). 
NH
NH2
-2e-, -H+
N
NH2
+
NH N
-2e-, -H+
NH2 NH2
+
H-OBQI
H-PBQI
N
NH2
+
pH<4
+H+
NH
NH2
+.
NH
NH2
+.
NH2
+
+.
NH
NH
+.
NH2
NH
NH2
+.
NH
17 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Formation of phenazine-like cycles (Ćirić-Marjanović et al. 2006). 
 
 The trimers can have different structures. Some of them during further oxidation 
can form the phenazine cycles (Figure 13). The produced phenazine units, or their 
segments, may act as initiation centers for the growth of conventional PANI, subject to 
the condition that pH<2 and the intermediate pernigraniline unites become protonated. 
Once growth starts, the aniline constitutional units are linked in the para-position, due 
to the formation of the conducting conjugating system represented by protonated 
pernigraniline (Figure 8). The propagation proceeds with the preference over initiation 
of PANI chains. The resulting chains are thus having a phenazine head segment and a 
tail of para-linked aniline constitutional units (Figure 8). 
 
3.1.3. Oxidation in the alkaline media 
 The oxidation of aniline in alkaline media proceeds when pH>7. Under such 
acidity conditions all kinds of amino groups (the aniline monomer, the terminal amino 
groups in oligomers and the secondary amino groups) are not protonated. The pH and 
temperature dependences are shown in (Figure 14).  
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Figure 14. The pH and temperature dependences of the aniline oxidation. 
 
 The oxidation starts at pH 10 and pH decreases due to the generation of protons. 
The exothermic oxidation starts immediately after mixing of reactants, without any 
induction period and proceeds with a high rate. Temperature monotonously increases 
during the whole oxidation process and cools only after one of the reactant or both 
become depleted. 
 The slow-down of the reaction is observed at later stages (Liu et al.  2006). The 
protons produced in the oxidation reduce pH to 4. The reaction terminates by the 
depletion of neutral aniline molecules that have reacted or became converted to 
anilinium cations. The pH does not reach the acidity needed for the protonation of imine 
groups in pernigraniline, i.e. for the polymer growth (Stejskal et al. 2008). 
 The molecular mechanism of oxidation at pH>4 can be proposed as follows. 
Under the conditions when all kinds of amino groups are not protonated, the monomer 
and terminal primary amino groups of oligomers have a low ionization potential and are 
easily oxidized (Gospodinova et al. 1998, Ćirić-Marjanović et al. 2006). The attack is 
oriented to ortho- and para-positions of benzenoid ring, which is given by the electron-
withdrawing effect of its substituent, amino group (Zimmermann et al. 1998). The 
0 10 20 30 40 50
2
4
6
8
10
 
Time, min
p
H
20
24
28
32
36
40
44
48
T
em
p
er
at
u
re
, 
o
C
19 
ability of an aniline dimer and oligomers to be oxidized is higher compared with the 
aniline monomer alone due to the better delocalization of the positive charge of the 
reaction centre on longer molecules (Gospodinova et al. 1993). That is why the oxidant 
oxidizes oligomers with a higher probability than monomer (Ćirić-Marjanović et al. 
2008a). 
 The intramolecular cyclization of ortho-coupled units and intermolecular 
cyclization involving para-linked units and aniline monomer are the parallel reactions. 
Phenazine cycles are produced in the oligomers. The reaction of aniline addition, i.e. the 
oligomer growth, proceeds, too. There is no marked difference in the energy of the 
subsequent addition and cyclization; that is why the average degree of oligomerization 
is 20–30 constitutional units (Trchová et al.  2006). 
 The oligomers are non-conducting, having mixed ortho- and para-coupled units. 
Due to the irregular molecular structure of oligomer chains, there is no conjugated 
system produced that would results in the charge delocalization and consequent 
conductivity. The material is brown, absorbing the light in the range below 600 nm. The 
absorption bands typical of phenazine structures are present in the FTIR and Raman 
spectra (Trchová et al.  2006,  Ćirić-Marjanović et al.  2008b). 
 
3.2. The formation of nanotubes 
 The oxidation of aniline in acidic aqueous media yields conducting polymers in 
various forms, such as insoluble precipitates, nanofilms deposited on template surfaces, 
or as colloidal dispersions in aqueous or organic media. At the same time, PANI 
particles exist in a variety of forms: nanogranules (MacDiarmid et al. 2001, Stejskal et 
al. 2002a), nanowires (Zhang et al. 2004, Li et al. 2006, Zhang et al. 2006b), nanotubes 
(Zhang et al. 2005, Stejskal et al. 2006, Zhang et al. 2007), nanorods (Zhang et al. 
2003), nanosheets and microspheres (Wang et al. 2005, Venancio et al.2006). The 
mechanism of the formation is somewhat different for each structure. It has been 
proposed that the acidity of the reaction medium is the key factor controlling the 
oxidation of aniline (Venancio et al. 2006, Konyushenko et al. 2006a, Stejskal et al. 
2006) and the water-born oligomers self-assemble into the supramolecular structures 
that serve as a template for the nanotubular growth of polymer (Trchová et al. 2006). 
 Polyaniline nanotubes represent probably the most interesting PANI structure. 
To understand the mechanism of their formation, we have investigated the genesis of 
such nanotubular structures (Stejskal et al. 2006, Trchová et al. 2006). During the 
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oxidation of aniline beginning in neutral media, we have observed the evolution of the 
water-insoluble products of the reaction. The silicon windows were placed into the 
reaction mixture and removed at various stages of aniline oxidation (Figure 15).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Change in temperature during the oxidation of aniline by ammonium peroxydisulfate. The 
times of samples collection are marked by arrows. 
 
 The aniline oligomers produced in the early stages of the oxidation are insoluble 
in the reaction medium; the solubility of aniline dimers, semidines, is low. The 
oxidation products, deposited on the windows, have been studied by optical microscopy 
(Figure 16). There is a link between the course of the polymerization and the 
supramolecular morphology produced at various times. The product obtained in the first 
stage of aniline oxidation, after 2–8 min, are composed mostly of crystals, which are 
obviously insoluble in water, having the size of several micrometers (Figure 16A). The 
crystals grow to trees (dendrimers) with branches of tens of micrometers in length. On 
the window removed at 21 min (Figure 16B), we observed, in addition to the granular 
precipitate, the first nanotubes. After 31 min (Figure 16C), nanotubes are well visible. 
 The nanotubes extend often to a few micrometers, their external diameter being 
ca. 200 nm and internal diameter of the cavity ca. 20–40 nm. The granular PANI 
precipitate is produced close to the end of polymerization (Figure 16D). As it sediments, 
it covers the nanotubular structure deposited on the silicon windows. This precipitate 
virtually always accompanies the nanotubes (Figure 17).  
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                                       (A)                                            (B) 
                                       (C)                                                                    (D) 
Figure 16. Optical microscopy of the oxidation products deposited on silicon windows after reaction 
times t = (A) 5, (B) 21, (C) 31, and (D) 38 min (Stejskal et al. 2006).  
 
 The presence of nanotubes is confirmed by transmission electron microscopy 
(Figure 17), which shows the internal cavity of the nanotubes in the final precipitated 
product of polymerization. Nanorods of the similar morphology, but without a cavity, 
have also been detected in the samples (Figure 17). 
 The scanning electron microscopy images (Figure 18) show the complex 
structure of nanotubes. The internal cavity in broken nanotube is easily visible (Figure 
18B). The typical outer diameter of nanotubes is 100–200 nm, the inner diameter is 0–
100 nm. 
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Figure 17. TEM micrograph of PANI nanotubes and related structures (Stejskal et al. 2006). 
 
 
 
 
       
 
 
 
                                A                                                                     B 
Figure 18. Polyaniline nanotubes produced on silicon windows after the reaction time t = 31 min. Two 
magnifications (A, B) (Stejskal et al. 2006). 
 
3.2.1. The nucleation of nanotubes 
 The aniline oligomers produced in the early stages of the oxidation are insoluble 
in the reaction medium. Oligomers precipitate, often with frequent needle-like 
crystallite off-springs (Figure 16A). These crystallites serve as the templates for the 
future nucleation of PANI nanotubes. 
 When the acidity of the reaction mixture becomes sufficiently high, the 
phenazine units may initiate the propagation of polymer chains. Due to their flat 
structure, shuch hydrophobic units absorb on the available surfaces (Stejskal et al. 
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2005). The absorption of phenazine units at the surface of needle-like oligomer off-
springs is selective, due to the obvious anisotropy of the crystallites. We assume that the 
phenazine units are absorbed on the walls of the oligomer crystallites, leaving the front 
surfaces uncoated. In this way, the nucleus of the nanotubes is produced as a sleeve on 
an oligomer needle (Stejskal et al. 2006, Trchová et al. 2006). The size of the 
crystallites determines the inner diameter of the future nanotube. The thickness of the 
nanotube wall corresponds to the thickness of the deposited PANI film and is 
proportional to the molecular weight of the PANI chains. The front surface of this 
nanotubular nucleus has exposed phenazine units adjacent to the crystallite front. 
 
3.2.2. The growth of the nanotube 
 The process of the formation of supramolecular structure reflects the 
simultaneously proceeding chemical reactions. Similarly like in the molecular reactions, 
there are two subsequent stages in morphology development: the nucleation period and 
the growth of polymer structure. 
The phenazine structures have a flat molecular structure. They have tendency to self-
assembling to regular one-dimensional columns, stacks (Figure 19) and the associates 
based on the π–π interactions (Sun et al.  2005, Kokunov et al. 2004, Crispin et al. 
2004). 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. The phenazines and N-phenylphenazines can form stacks of oligomers. 
 
 The random agglomeration of phenazine units in the solutions leads to the 
formation of precipitate. On the other hand, the sorption of oligomers on the surface 
immersed in the reaction mixture give rise to thin films during the subsequent 
polymerization. The type of organization of phenazine cycles on the template surface or 
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in the volume of the reaction mixture predetermines the future morphology of the 
supramolecular polymer growth. Depending on the reaction conditions and nature of the 
template, the sorption or agglomeration of phenazines may be random or organized. The 
PANI chains are growing from them in the preferred direction given by molecular 
geometry. The assembly of the terminal phenazine units thus binds the PANI chain-
starts together. The self-ordering produced is further stabilized during the chain growth 
of PANI counterparts by hydrogen bonding and ionic interactions (Figure 20). That is 
why the nanotube continues to grow without any guide and with an internal cavity 
determined by nucleus size. This concept can be supported by the observation of 
nanotubular growth in polycarbonate membranes, which continue to grow beyond the 
membrane limits, still preserving the nanotubular morphology (Tagowska et al.  2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. The phenazine units at the start of PANI chains stack on each other, and PANI chains extend 
from them as they grow during the polymerization. The individual spiral threads are shown as being 
separated just for the clarity of illustration; we believe, however, that each thread closely copies the 
previous one and there is no separation between them (Stejskal et al. 2006). 
  
 The growth of one-dimensional structures can also be initiated without any 
template. In this case, we assume that phenazine terminal units associate with each other 
more loosely. Stacks of one-dimensional fibrils of phenosafranines (including 
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phenazine structures) of 1 nm diameter, which corresponds approximately to the size of 
a phenazine heterocycle (Saez et al. 1993), have been reported in the literature (Komura 
et al. 2000). Polyaniline chains extending from them produce a brush. A nanorod 
without an internal cavity results instead of a nanotube. Such nanorods are observed to 
accompany the nanotubes (Figure 17), and their mutual proportions are likely to be the 
pH-dependent.  
 The pH of the reaction plays the crucial role in the formation of nanotubes. We 
have found that the nature of the acids controls not only the acidity of the reaction but 
also the surface morphology of the nanotubes (Figure 21).  
 
 
 
 
 
 
 
 
 
 
 
 
                                  
       A                                                                     B 
 
 
                             
 
 
 
 
 
 
 
 
                                                                 C 
 
Figure 21. The polyaniline nanotubes prepared in 0.4 M succinic acid (A), 0.1 M picric acid (B), and 0.4 
M acetic acid (C). 
 
3.3. The formation of nanogranules  
 Granular morphology is the most typical for PANI prepared in a classical way in 
the acidic aqueous media (Stejskal et al. 2002a, Konyushenko et al. 2006a) (Figure 22). 
Polyaniline nanogranules have a size of tens to a few hundreds of nm. The mechanism 
of their formation has not been analyzed in the literature. We assume that the globules 
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are produced as a result of random association of phenazine nucleates. Such association 
takes place when the concentration of nucleates is high, the solubility of nucleates is 
reduced and the polymer chain starts to grow before the phenazine structures are 
organized.  
 
 
 
 
 
 
 
  
 
Figure 22. The granular morphology of polyaniline prepared in the presence of 0.1 M sulfuric acid 
(Konyushenko et al. 2006a). 
 
3.4. The formation of microspheres 
 The formation of microspheres, which is observed in the oxidation of aniline 
(Wang et al. 2005, Venancio et al. 2006, Stejskal et al. 2008) or aniline derivatives 
(Han et al. 2006) at low acidity and at alkaline conditions, has another background. The 
neutral aniline is not always completely miscible with aqueous medium and constitutes 
a separate phase. The oxidation then proceeds at the interface between aniline droplets 
and liquid phase containing the oxidant. The non-conducting aniline oligomers form 
microspheres having a diameter of a few micrometres (Figure 23).  
 
 
 
 
 
 
 
 
Figure 23. SEM (left) and TEM (right) images of microspheres which are formed during the oxidation of 
aniline in 0.2 M ammonium hydroxide.  
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 The oxidation of aniline by the oligomerization mechanism takes place at the 
droplet interface. The droplet surface becomes coated with a non-conducting oligomer. 
Aniline diffuses through the interface and the thickness of the oligomer layer increases. 
The synthesis on the surface of the droplets is similar to the oxidation at the interface 
water-organic liquid, where aniline itself takes a role of an inorganic liquid.  
 Polyaniline microspheres may be hollow or compact (Hang et al.  2007, Stejskal 
et al. 2008, Venancio et al.  2006). In the latter case, the interior of this sphere is filled 
with aniline or with aniline oligomers or with both. The hollow sheres have an opening 
as a rule (Venancio et al.  2006, Zhang et al.  2003). The hole in the microsphere 
surface is caused the liquid aniline, which is expelled from the interior of the sphere. 
This takes place during the synthesis, e.g. during the thermal expansion in the strongly 
exothermic oxidation, or during the processing of product, e.g.by drying at elevated 
temperature vacuum. The eruption of aniline during the exothermic polymerization is 
demonstrated by the formation of a tail of subsequently produced oligomers (Figure 23 
left). Similar morphologies have also been reported in the literature (Venancio et al.  
2006).  
 
3.5. The polymerization in ice and the formation of nanowires 
 It was observed that the oxidative polymerization of aniline proceeded well not 
only in the liquid mixture (20 
o
C or –5 oC) but also at sub-zero temperatures, when the 
reaction mixture becomes frozen. The polymerization carried out at reduced 
temperature yielded PANI with a higher molecular weight (Adams et al. 1996) and 
degree of crystallinity, although the improvement of conductivity was marginal 
(Stejskal et al.  1998). The higher molecular weight is a benefit when the mechanical 
properties of PANI are important, e.g., when the solutions of PANI base in 
N-methylpyrrolidone are used to cast PANI membranes (Kocherginsky et al. 2005) or 
spun to produce PANI fibres (Pomfret et al. 2000) or nanofibres (Kameoka et al. 2003).  
 At –24 oC, in ice, the process takes place in the solid state; the reaction is slower, 
yet still feasible. The originally white ice becomes gradually dark green. The 
morphology of PANI is different from the polymerizations made in the liquid media. 
Polyaniline is constituted by particles of submicrometre size, mutually connected by 
nanofibres of ca 20 nm thickness (Figure 24). 
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Figure 24. Polyaniline prepared in frozen mixture of 0.1 M H2SO4 (left) and 0.4 M acetic acid (right). 
 
 Kocherginsky et al. (Kocherginsky et al.  2005, Kocherginsky et al.  2006) have 
investigated redox processes occuring at PANI membranes. They have shown that the 
molecule the reductant and the oxidant can react and exchange electrons without being 
in a direct contact, when separated by a conducting PANI membrane. This concept was 
extended to the polymerization of aniline (Blinova et al.  2007). Solutions of aniline 
hydrochloride and ammonium peroxydisulfate, separated by a PANI membrane, react to 
yield PANI by exchanging the electrons through the conducting polymer. Polyaniline 
was produced entirely on aniline side of the membrane.  
 The concept outlined above explains why the polymerization also takes place in 
a frozen aqueous media, in ice. Once the first traces of PANI have been formed, the 
molecules of aniline and peroxydisulfate produce further PANI by transferring the 
electrons through the mass of existing PANI (Figure 25). 
 The abstraction of two electrons is needed for the formation of a chemical bond 
between the aniline and growing PANI chain. These are accepted by the oxidant 
molecule, peroxydisulfate, which is reduced to sulfate. The electrons travel through the 
conducting PANI phase from the locus of polymerization to the oxidant. Consequently, 
neither the aniline monomer nor the oxidant molecules need to diffuse to meet each 
other in order to react. As PANI grows by this mechanism, it gradually expands and 
penetrates the whole volume of the solidified reaction mixture. The resulting PANI 
structure thus has a connective character, and electrical contact between its parts is 
maintained. 
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Figure 25. The mechanism of the aniline polymerization in the solid state (Konyushenko et al. 2008b).  
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4. Multi-wall carbon nanotubes coated by polyaniline 
 Carbon in various forms is an inert material in many aggressive media, it has 
good thermal stability, and good electrical conductivity. Carbon is a material of a choice 
as a catalyst support or as electrodes in batteries, supercapacitors, and fuel cells. Multi-
wall carbon nanotubes (CNT) are one of the most studies allotropic forms of carbon. 
The high degree of organization and high aspect ratio are responsible for their unique 
electric, magnetic, and mechanical properties. 
 Carbon nanotubes prepared by the chemical-vapour deposition method often 
include metal nanoparticles, which serve as catalytic centers for the nanotubular growth 
during CNT preparation. The ferromagnetic metals (Fe, Co and Ni) and their alloys are 
used as catalysts and their nanoparticles are incorporated into CNT. The residual 
catalyst is removed as a rule, by dissolution in strong acids, leaving pure CNT. On the 
other hand, if left in CNT, the presence of ferromagnetic metals results in magnetically 
functionalized CNT. 
 
4.1. The coating of carbon nanotubes 
 Multi-wall carbon nanotubes (CNT) have been coated with a conducting 
polymer, PANI, directly during the oxidation of aniline in ethanol (50 vol%)–water 
mixture. The content of CNTs in the samples was 0–80 wt%. The monomer and then 
the oxidant solutions were added to various portions of CNT to start the polymerization 
of aniline. Composites containing more than 80 wt% CNT could not be prepared in this 
way because the volume of the reaction mixture was too low to accommodate all the 
CNT. 
 The oxidation of aniline is an exothermic reaction and its course is easily 
monitored by recording the reaction temperature (Figure 26) (Stejskal et al. 2002). A 
solution of aniline hydrochloride in ethanol containing CNT has been mixed with an 
aqueous solution of the oxidant. After an induction period, the increase in the 
temperature is associated with the exothermic polymerization of aniline. 
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Figure 26. The course of aniline polymerization in the presence of CNT. The compositions are given in 
wt.% of CNT in the composite (Konyushenko et al. 2006b). 
 
 The presence of CNT in the reaction mixture significantly accelerates the rate of 
aniline oxidation. Even 1 wt% of CNT (relative to aniline) reduces the reaction time 
from 64 min to 17 min by shortening the induction period. There are two possible 
explanations for the observed acceleration of oxidation. The first is based on the 
assumption of heterogeneous catalysis. The oligomeric aniline intermediates adsorbed 
at the substrate, having a large surface area, like silica gel, start the growth of PANI 
chains more readily than those in the liquid phase (Stejskal et al. 2003). The CNT have 
also a high surface area and that is why they could act in a similar manner. Philip et al. 
(Philip et al. 2005) proposed the principle of heterogeneous catalysis to be operative in 
the case of CNT; the oxidation of aniline gets faster at the surface of CNT, resulting in 
the core–shell morphology of the products, it can be see on the SEM and TEM 
micrographs (Figure 27).   
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Figure 27. SEM (left) and TEM (right) images of CNT coated by PANI (Konyushenko et al. 2006b). 
 
 The second explanation is based on the fact that CNTs are conducting, i.e. they 
are able to transfer electrons. The oxidation of aniline is a typical redox reaction, in 
which the electrons are abstracted from aniline molecules and accepted by an oxidant, 
peroxydisulfate, which converts to sulfate (Figure 1). In a classical reaction concept, the 
molecules of aniline and oxidant are expected to meet, and consequently to react. It has 
recently been proposed that conducting materials can mediate the transfer of electrons 
(Kocherginsky et al. 2006); CNTs can obviously undertake such a role and transfer the 
electrons between the reductant and oxidant. This means, that the aniline molecule at 
the surface of CNT can exchange electrons, and thus convert to PANI, with any oxidant 
molecule that is also in contact with CNT, and not only with the oxidant in the close 
vicinity of the aniline molecule involved. This fact dramatically increases the 
probability for an aniline molecule to be oxidized to a PANI constitutional unit. The 
PANI chain growing at the CNTs surface is also conducting and thus participates in the 
electron transfer from the aniline unit that is being added to the PANI chain-end and 
CNTs. 
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 Scanning electron microscopy (SEM) illustrates a uniform coating of CNTs with 
PANI (Figure 27). The coated CNTs become thicker as the amount of deposited PANI 
increases. The uniform deposition of PANI on the CNTs is similarly demonstrated by 
transmission electron microscopy (TEM), which shows the bilayered structure of coated 
CNTs (Figure 27). As the internal cavity is well discernible, we conclude that the 
coating with PANI takes place only at the outer surface of the CNTs (Konyushenko et 
al. 2006b). The conducting polymer is not covalently bonded to the carbon nanotubes. 
The aniline oligomers are absorbed (Stejskal et al. 2005) at the surface of CNT and 
starts the growth of PANI coating there. 
 
4.2. Properties of the composite CNT/PANI 
 The conductivity of the composites is a characteristic of prime interest. It was 
measured by a four-point van der Pauw method on pellets compressed at 700 MPa. For 
non-conducting PANI bases, a two-point method was used. Before such measurements, 
circular gold electrodes were deposited on the both sides of the pellets. The dependence 
of conductivity on CNT content for CNT coated by PANI film is shown on the Figure 
28. At low fractions of CNT, the conductivity is determined by the PANI as the main 
component (Figure 28). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. The conductivity of carbon nanotubes coated with protonated PANI (full circles) and PANI 
base (open circles) (Konyushenko et al. 2006b). 
0 20 40 60 80
10
-11
10
-8
10
-5
10
-2
10
1
PANI-coated CNT
  Protonated PANI
  PANI  base
Composition, wt. % CNT
C
o
n
d
u
ct
iv
it
y
, 
S
 c
m
1
34 
 
 The increase in the conductivity of CNT coated with non-conducting PANI base 
with increasing content of CNT is slow, compared with the CNT coated by protonated 
conducting PANI. At low concentrations of CNT, the direct electrical contact between 
CNT is prevented by the surface coating with a non-conducting PANI base and the 
percolation threshold is practically not distinguishable. Yet, the coating with PANI base 
seems to reduce the contact resistance between CNT. The resulting conductivity of CNT 
coated with PANI base thus reaches 19.6 S cm
-1 
at 70 wt% CNT. The conductivity is 
thus comparable with that of the CNT coated with protonated PANI. We are obvious 
dealing with interfacial phenomena between the CNT separated with a thin coating of 
PANI. A non-conducting PANI base is not a true insulator, and it can probably mediate 
the charge-carrier transfer over short distances between the neighboring CNT, similarly 
to the protonated conducting form (Konyushenko et al. 2006b). 
 The contact angle of water on ‘standard’ PANI hydrochloride is 49 o 
(Shishkanova et al. 2005). When PANI has been prepared in ethanol (50 vol %)–water 
mixtures, the contact angle was 43 °. The enhanced wettability is possibly due to the 
sulfonation of aromatic rings under these reaction conditions. The contact angles of 
CNTs coated with protonated PANI are about ~40° up to 60 wt% CNTs in the 
composite. The composite is thus hydrophilic and behaves as a neat PANI. This is not 
surprising considering the core–shell morphology of the composite (Figure 27). At 
higher contents of CNT, the contact angles could not be measured. The water droplet 
penetrated into the composite, possibly as a result of higher porosity. This means that 
the contact angle of neat CNTs could not be determined but we expect that, by analogy 
with graphite, they are more hydrophobic; the contact angle of water on graphite is 79 ° 
(Konyushenko et al. 2006b). 
  
4.3. Coating carbon nanotubes containing the residual nickel catalyst nanoparticles 
 One type of the multi-wall carbon nanotubes was prepared by the decomposition 
of methane on nickel catalyst (Tomishko et al. 1999). Such CNT contain nickel 
particles; the metal particles having the size of tens of nanometers are well visible in 
transmition electron microscopy micrographs (Figure 29). Some of them are located 
outside the CNT, a part of them is integrated into CNT. 
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Figure 29. TEM micrograph of CNT containing nickel nanoparticels (Konyushenko et al. 2008a). 
 
 
  
  
 
             (a)             (b)  
 
  
 
 
             (c)             (d)  
Figure 30. SEM micrographs of (a) original CNT, (b) those coated with 20 wt.% PANI and (c) 50 wt. % 
PANI, and (d) neat PANI (Konyushenko et al. 2008a). 
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 Polyaniline coating was produced again by the oxidation of aniline 
hydrochloride dissolved in ethanol with an aqueous solution of ammonium 
peroxydisulfate. Polyaniline film grows on the surface of CNT producing a core-shell 
morphology for the samples containing majority of CNT (Figure 30). 
 The large diameter of the PANI-coated CNT compared with neat CNT is well 
visible. The thickness of the coating estimated by TEM was 20-30 nm. In the composite 
having comparable amount of components, 50 wt% PANI, the conducting polymer 
constitutes separate regions (Figure 30 c). The addition of ethanol to reaction mixture 
has been reported to change the common granular morphology of PANI to fibrillar (Kan 
et al. 2006). In the present study, however, the morphology of PANI prepared in ethanol  
(50 vol%)–water was strictly granular (Figure 30 d). The thermogravimetric analysis 
(TGA) demonstrates the presence of nickel as a residue, that the composites of PANI 
and CNT have been prepared (Figure 31).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31. Thermogravimetric analysis of PANI-coated CNT. The content of CNT (wt.%) is given at the 
individual curves (Konyushenko et al. 2008a).   
 
 The typical features of PANI degradation are observed (Konyushenko et al. 
2006b). The mass loss in temperature range below 200 
o
C reflects the deprotonation of 
PANI, the loss of its acid, and humidity. The decomposition of PANI starts above 
300 °C. We can see an improvement of PANI stability with increasing content of CNT 
in the composite. CNT destruction begins above 550 
o
C. CNT with a removed catalyst 
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leave after exposure to 800 
o
C a residue less than 1 wt% (Konyushenko et al. 2006b). In 
the present case, the residue is 28.5 wt% and can be attributed to the nickel catalyst 
and/or its oxidation products. 
 The conductivity of PANI-coated CNT practically does not depend on the 
content of CNT in the composite (Figure 32). The conductivity of PANI, 1.0 S cm
–1
, is 
lower that in the case of ‘standard’ PANI (Stejskal et al. 2002b), 4.4 S cm–1, because the 
preparation took place in ethanol-water mixture instead of water. An unpronounced 
increase in the conductivity to 1–2 S cm–1 is marginal and suggests that the CNT are 
slightly more conducting than PANI. The PANI glues and decreases the contact 
resistance between individual CNT (Cochet M 2001). A possible small decrease in 
conductivity at high CNT contents may be interpreted as being caused by the increasing 
contact resistance, due to the insufficient availability of PANI in the interstitial space 
(Konyushenko et al. 2008a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32. The dependence of conductivity of CNT coated with protonated PANI (top) and with PANI 
base (bottom) for composites having various CNT content (Konyushenko et al. 2008a). 
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 The conversion of protonated PANI coating to a non-conducting PANI base 
reduces the conductivity down to 10
–7
 S cm
–1
 at low CNT contents (Figure 32). The 
conductivity increases with increasing CNT content, without any percolation transition. 
 The mechanical integrity of compressed samples was poor, considerably lower 
compared with analogous CNT that have not contained the residual catalyst 
(Konyushenko et al. 2006b). The attempts to test the thermal stability of composites 
(Prokeš et al. 2004) at 175 oC have failed because the electrical contact with the 
samples has been lost even before reaching the working temperature. 
 
4.3.1. Density and wettability 
The specific mass of neat CNT is 0.5 g cm
–3
, the density determined by helium 
pycnomentr was 2.36 g cm
–3
 (Tomishko et al. 1999).  The densities of PANI-coated 
CNT have been measured by the Archimedes method on compressed pellets and they 
have an apparent character reflecting their porosity. The density of composites increases 
with increasing content of CNT (Figure 33), and its value extrapolated for neat CNT is 
1.72 g cm
–3
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33. Density of CNT coated with protonated PANI (open squares) or with PANI base (full squares) 
(Konyushenko et al. 2008a). 
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 The composites thus contain voids and are likely to have a good permeability for 
vapours and gases. This is important for the applications in the fuel-cell electrodes and 
sensors. 
 Water contact angle could be measured only at 0–30 wt% CNT in the samples 
and was 42 
o
, close to the value of 49 
o
 reported for bulk PANI hydrochloride 
(Shishkanova et al. 2005). At higher content of CNT, water droplet placed on the pellet 
penetrated the sample, and contact angle could not be determined. This implies that 
PANI-coated CNT are hydrophilic (Konyushenko et al. 2006b) and, similarly like 
density results, suggest the porous structure of the composites. 
 
4.3.2. Complex permeability and magnetic hysteresis 
 Magnetic spectra frequency of complex permeability, μ*(f), of PANI–CNT 
composites with different ratio of PANI and CNT are presented in Figure 34.  
 
 
 
 
 
 
 
 
Figure 34. The frequency dependence of real (left) and imaginary (right) parts of complex permeability of 
CNT coated with protonated conducting PANI. The content of CNT is given at the individual curves 
(Konyushenko et al. 2008a). 
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properties; the real part of permeability, μ′, is around the unity and the magnetic losses, 
μ″, are close to zero in the frequency range from 1 MHz to the 10 GHz. The 
ferromagnetic behaviour of composites appears when the CNT content increases to 50 
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nickel particles is 6–7 nm) in CNT are exchange-coupled (Vonsovskii et al. 1998, 
Bukhaev et al. 1998). This is revealed by magnetic dispersion and two resonance peaks 
on the μ″(f), the first located in low-frequency range, 1–10 MHz, and the second in 
high-frequency range, 1–3 GHz. By increasing CNT up to 80 wt% nickel content 
increases, and thus enhances both permeability components in specified frequency 
regions.  
 The dynamic magnetic behaviour of PANI-CNT composites is in a good 
agreement with magnetostatic measurements of nickel-incorporating CNT powders. It is 
a ferromagnetic material with saturation magnetization Ms=0.5 emu g
–1
 (Figure 35) and 
low remanent magnetization Mr=0.035 emu g
–1
. 
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Figure 35. Magnetic hysteresis loop of neat CNT containing nickel nanoparticles (full circles – forward 
trace, open circles – reverse trace) (Konyushenko et al. 2008a). 
 
By comparison with few tens oersted coercivities of bulk nickel, the coercivity Hc=35 
Oe was observed in CNT (Figure 35). Such high coercivity of nickel-incorporating CNT 
can be explained by the high value of the effective anisotropy in one-dimensional 
exchange-coupled system formed by nickel nanoparticles encapsulated in thin carbon 
shells (Figure 29) (Iskhakov et al. 2003, Komagortsev et al. 2005). 
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 Consequently, the ferromagnetism of CNT containing nickel nanoparticles has 
two reasons: (1) the carbon shell protects nickel from oxidation, and (2) the large shape 
anisotropies and inner diameter of CNT give rise to single-domain one-dimensional 
system. Two types of particle interactions, viz. magnetic–dipole and exchange 
interactions, are operative (Iskhakov et al. 2003). The cooperative effects lead to the 
increase in the internal magnetic field that acts on each particle. Taking into account a 
few works that provide evidence that in some carbon structure, e.g. fullerene 
encapsulated nickel nanoparticels (Lee et al. 2002) or CNT produced by arc-discharge 
method (Kotosonov et al. 2002), and under special treatment of graphitic structure 
(Esquinazi et al. 2003), the unusual magnetic properties of CNT maybe due to the 
enhanced interaction between ferromagnetic nanoparticles under the influence of 
electronic structure of graphene layers.  
 
5. Conclusions 
 We have synthesized different morphologies of PANI under various conditions. 
Polyaniline nanotubes have been prepared in the solutions of weak organic acids. The 
nature of the acid has an influence on the surface morphology of the nanotubes. For 
example, when aniline is oxidized in the presence of acetic acid, the nanotubes have 
smooth surface, in the solutions of picric acid, the surface is rough. On the other hand, 
regardless of any acid, at the end of the polymerization PANI is protonated by the 
sulfuric acid, which is produced a by product. The nanotubes are produced even in the 
absence of any acid. This means that any kind of acids and their salts with aniline are 
not needed as templates for the polymerization of aniline. In our opinion, the self-
assembly of aniline oligomers, rather than that of aniline monomers, predetermines the 
supramolecular structure of the final products. Polyaniline nanogranules are prepared 
when the aniline is oxidized in the solutions of strong acids and aniline microspheres 
can be formed when aniline is oxidized in the alkaline solutions. The decreasing of the 
polymerization temperature leads to the formation of nanowires. 
 We have demonstrated the course of aniline oxidation as reflected by the 
dependences of pH and temperature on time. The dependences are different for the 
oxidation at various acidities. It has been found that the aniline oxidation proceeds in 
two steps in the solutions of strong acids. The short induction period is observed at the 
beginning of the polymerization. During this period the phenazine structures are 
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formed. They act as nucleates for the further growing of the polymer chains.  The 
second period is a very fast exothermic process, which corresponds to the formation of 
the PANI chains. When the oxidation starts in mild acidic conditions, in the solutions of 
weak organic acids, the pH and temperature dependences have three steps. The first step 
corresponds to the formation of phenazine structures. The pH is around 3. The second 
period is very slow. The pH decreases due to the formation of the sulfuric acid and the 
release of the protons from aniline molecules. When pH is less then 2, the third period is 
started. This is the fast formation of polymer chains, the process is exothermic. Another 
pH and temperature dependences have been observed when aniline is oligomerized in 
the alkaline media. The reaction starts with a fast increase of temperature and by 
decreasing pH. The phenazine structures are formed. The reactions stops at pH 
approximately 5; the acidity of the reaction mixture is not enough for the formation of 
polymer chains. That is why during the oxidation of aniline started in alkaline media 
only oligomers are obtained. 
 It is proposed that needle-like oligomer crystallites serve as template sites for the 
growth of nanotubes after they become coated with PANI. Nanotubular growth 
proceeds beyond the template nucleus, without any external guide. The terminal 
phenazine units self-assemble and guide the growth of PANI chains, thus producing a 
nanotube wall. Once the tubular growth has started, each thread of the produced spiral 
copies the previous one. Hydrogen bonding and ionic interactions between the 
neighbouring PANI chains stabilize the supramolecular nanotubular structure. The 
theoretical expectations were confirmed by FTIR spectra, optical microscopy, and gel 
permission chromatography. 
 We have synthesized composite materials of multi-wall carbon nanotubes with 
PANI under different reaction conditions. It has been chosen two types of carbon 
nanotubes: 1) pure carbon nanotube and carbon nanotubes containing nickel 
nanoparticles. The presence of CNT in the reaction mixture used for the oxidation of 
aniline dramatically increases the rate of PANI formation. Electron microscopy shows 
that CNT become coated with PANI during in situ polymerization of aniline. The 
coating is uniform and its thickness increases with increasing content of PANI in the 
composite.  
 It was shown that the thermal stability of PANI in the composites with CNT is 
better than the stability of neat PANI. The coating of CNT with protonated PANI 
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changes the originally hydrophobic surface to hydrophilic, the water contact angle for 
protonated PANI coating being 42 
o
. 
 We have observed that the conductivity of protonated CNT/PANI composites 
was 1–2 S cm–1, regardless of the composition, 0–80 wt% CNT. Protonated PANI 
coating is converted to a non-conducting one by immersion in ammonium hydroxide 
solution and conductivity of composites can be reduced down to 10
–7 
S cm
–1 
at low CNT 
contents. The compositional dependence of conductivity does not exhibit the 
percolation behaviour.  
 It was found that the ferromagnetism of neat CNT and CNT-rich composites is 
due to the presence of incorporated nickel-catalyst nanoparticles inside the holes and 
defects of nanotubes. In spite of the fact that nickel nanoparticles are single-domain 
particles, they display cooperative magnetic properties, due to the formation of one-
dimensional nanosystem, which manifest itself in the presence of frequency dispersion 
of complex permeability in broad frequency range. 
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Polymerization of aniline in ice 
Elena N. Konyushenko, Jaroslav Stejskal, Miroslava Trchová, Natalia V. Blinova, Petr 
Holler 
Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, 
162 06 Prague 6, Czech Republic 
 
Abstract  
It was observed that the oxidative polymerization of aniline proceeded well not only in 
the liquid mixtures (20 °C or –5 °C) but also in ice at –24 °C. The oxidative 
polymerization took place in the solutions of strong acid (0.1 M sulfuric acid) or weak 
acid (0.4 M acetic acid). It is proposed that the initially generated polyaniline 
participates in the further redox process, leading to new polyaniline formation. The 
molecules of the monomer (aniline) and oxidant (peroxydisulfate) thus react by 
transferring electrons through the conducting polyaniline, without the need to be in 
direct contact. The polymerization in the liquid phase or in the solid frozen state 
changes the morphology of the polyaniline. Polyaniline nanogranules or nanotubes are 
produced in the liquid state, while thin nanowires of 20 nm diameter connecting the 
submicrometre polyaniline particles have been observed when the polymerization took 
place in ice.   
 
Keywords: Aniline, polyaniline, conducting polymer, redox reaction, nanotube, 
nanowire, electron transfer, ice, solid-state polymerization. 
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1. Introduction 
 Polyaniline (PANI), the most common conducting polymer [1,2], is typically 
prepared by the oxidation of aniline in an acidic aqueous medium [3].
 
It has been 
observed that the polymerization carried out at reduced temperature yielded PANI with 
a higher molecular weight [4] and higher degree of crystallinity [5], although the 
improvement of conductivity was marginal [5]. The higher molecular weight is of 
benefit when the mechanical properties of PANI are important, e.g., when the solutions 
of PANI base in N-methylpyrrolidone are used to cast PANI membranes [6] or are spun 
to produce PANI fibres [7] or nanofibres [8].  
 The freezing point of the reaction mixture containing 0.2 M aniline 
hydrochloride and 0.25 M ammonium peroxydisulfate is –12 °C. In order to prevent 
freezing at lower temperatures in similar experiments, copious amounts of lithium 
chloride have been added into reaction mixture [4,9–14], which stayed liquid even at –
40 °C. It has been observed, however, that the polymerization of aniline proceeds well, 
and to a high yield, even at –50 °C when the reaction mixture was frozen [5,15]. 
Although the polymerizations of monomers in crystals or solid monomer solutions are 
well known, and have been reviewed [16], this behavior in the present system of aniline 
oxidation is still rather unexpected. 
 Besides the polymerization in ice, solid-state reactions involving PANI have 
been described in the literature. The protonation reactions between PANI base and solid 
organic acids have been established [7,17–22]. The same approach, the mixing of the 
components in the solid state, has been successfully used for the preparation of PANI 
complexes with fullerene [23]. The mechanochemical polymerization of aniline, an 
oxidation of aniline in the solid state, has only recently been reported [24–26]. In this 
case, the aniline monomer and an oxidant produce a polymer as a result of the joint 
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mechanical grinding of the components. One would expect that, when the oxidation of 
aniline takes place in the solid state, like in the frozen medium, the process would be 
slow, if feasible at all, due to the restricted diffusion of reactants in the solids and the 
reduced probability of their contact. Yet, for reasons discussed below, the 
polymerization takes place easily even under such conditions. 
 Kocherginsky et al. [6,27] have demonstrated that the molecule of an oxidant 
and a reductant separated by a PANI membrane may undergo a redox reaction. This was 
achieved without any direct contact between the reacting molecules, by simply 
transporting an electron from the oxidant to the reductant through conducting PANI; the 
redox reaction between iron(III) chloride and ascorbic acid has been used as an 
example. This concept has been extended to the preparation of PANI by the oxidation of 
aniline with ammonium peroxydisulfate, solutions of the two components being 
separated by a PANI membrane [28]. It is elaborated in the present study to provide an 
understanding of the oxidative polymerization of aniline, which is a typical redox 
reaction, in a frozen aqueous reaction medium, i.e., in ice.              
 
2. Experimental  
2.1. Oxidation of aniline 
 For the polymerizations in liquid state, aniline (0.2 M) was oxidized with 
ammonium peroxydisulfate (0.25 M) in 0.1 M sulfuric acid or in 0.4 M acetic acid 
(Figure 1). Solutions of a monomer and an oxidant were mixed at 20 °C or after pre-
cooling at 0 °C or –5 °C to start the oxidation.  
 For the polymerizations in ice, the solutions of reactants were mixed at –5 °C in 
polyethylene containers and immediately cooled to –190 °C in liquid nitrogen. The solid 
frozen samples were then placed into a freezer at –24 °C. After 20 days, the green solid 
115 
content was melted and the PANI was isolated on a filter, rinsed with the corresponding 
acid, and acetone, and dried in air. 
 When estimating the rate of oxidation, the containers were removed after a 
specified time, their frozen content was transferred to excess of 1 M ammonium 
hydroxide, and left to melt there. The combination of the alkaline medium and the 
accompanying dilution stopped the conversion of aniline to PANI in 0.4 M acetic acid. 
The precipitated oxidation product was quickly collected on the filter, and thus 
separated from the residual oxidant and aniline, and dried. For polymerizations in 0.1 M 
sulfuric acid this approach was not successful, because the ice, which was white after 
removal from the freezer, turned green before it completely melted. 
 
2.2. Characterization 
 Scanning electron micrographs were taken with a JEOL 6400 microscope 
(Japan). Molecular-weight distributions were assessed by gel-permeation 
chromatography using a 8 × 600 mm PLMixedB column (Polymer Laboratories, UK) 
operating with N-methylpyrrolidone and calibrated with polystyrene standards, with 
spectrophotometric detection. The samples were dissolved in N-methylpyrrolidone 
containing 0.025 g cm
–3
 triethanolamine for deprotonation of PANI, and 0.005 g cm
–3
 
lithium bromide to prevent aggregation. Infrared spectra were recorded with a fully 
computerized Thermo Nicolet NEXUS 870 FTIR Spectrometer with a DTGS TEC 
detector. The spectra of the samples dispersed in potassium bromide were recorded in 
the transmission mode and corrected for the presence of carbon dioxide and water 
vapour in the optical path. The conductivity was measured with a four-point van der 
Pauw method, on pellets compressed at 700 MPa with a manual hydraulic press, using 
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as the SMU Keithley 237 and a Multimeter Keithley 2010 voltmeter with a 2000 SCAN 
10-channel scanner card. 
 
3. Results  
3.1. The course of aniline polymerization: liquid aqueous medium and ice 
 The fact that the oxidation of aniline in an acidic aqueous medium yields PANI 
and the conversion of aniline to PANI is practically complete has been well established 
[2,3]. It is, however, implicitly assumed that the reaction medium is liquid. 
Nevertheless, it has been demonstrated that, even if the medium becomes frozen, the 
polymerization of aniline takes place [5]. The polymerization of 0.2 M aniline with 0.25 
M ammonium peroxydisulfate (Figure 1) at 20 °C takes 15 min to complete in 0.1 M 
sulfuric acid or 40 min in 0.4 M acetic acid [29]. At –24 °C in ice, the process takes 
place in the solid state, the reaction is slower, yet still feasible. The originally white ice 
becomes gradually dark green. In 0.4 M acetic acid, the full conversion of aniline to 
PANI was achieved after 4 h (Figure 2). The similar oxidation of aniline in 0.1 M 
sulfuric acid was faster. When trying to estimate the rate of oxidation in this case, we 
have not been able to stop efficiently this process during the melting of ice. 
 
3.2. Morphology 
 Polyaniline is known to exhibit a variety of supramolecular morphologies, such 
as thin films on various substrates [30,31], colloidal particles [32–36], nanotubes 
[29,37–40], nanowires [41–43], sometimes referred to as nanofibres [44,45], and hollow 
PANI microspheres [37,45,46]. It is likely that PANI morphology, based on the self-
assembly of PANI chains, will also be affected by the liquid or solid state of the 
medium in which the polymerization takes place. It has already been shown that the 
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polymerization of aniline in the presence of hydroxypropylcellulose yields colloidal 
particles [15,34]. In the similar polymerization carried out in ice, a sponge-like 
macroporous composite has been obtained instead [15]. 
 Granular morphology of PANI is typically obtained when the polymerization 
takes place at 20 °C in solutions of strong acids [28], such as 0.1 M sulfuric acid. At –5 
°C, some indications of extended nanostructures are observed (Figure 3). If the similar 
reaction takes place in the solutions of weak acid [29], 0.4 M acetic acid, PANI 
nanotubes are the dominating product (Figure 4). A rough nanogranular "dotted" surface 
of the nanotubes, occasionally reported in the literature [15,47,48], should be noted. The 
morphology after polymerization in ice is different, irrespective of acid, and is 
constituted by particles of submicrometre size, mutually connected by nanofibres of ca 
20 nm thickness (Figures 3, 4).  
 
3.3. Molecular weights 
 The solutions of aniline always contain equilibrium concentrations of aniline as 
neutral molecules and anilinium cation in various proportions [49]. Aniline molecules 
dominate at low acidity or in alkaline solutions and the anilinium cations are present 
with preference in strongly acidic conditions. The oxidation of aniline molecules yields 
non-conducting oligomers, the oxidation of anilinium cations results in the formation of 
a conducting polymer [49]. The situation is even more complex because the acidity 
increases in the course of polymerization, where sulfuric acid is a by-product (Figure 1) 
and the proportions of both monomers change correspondingly. Any oxidation of 
aniline thus yields a mixture of a non-conducting oligomers and conducting polymer, 
their shares being widely varying depending on the reaction conditions. 
118 
 The oxidation in 0.1 M sulfuric acid starts and proceeds at strongly acidic 
conditions, pH<2, and yields a polymer (Figure 5a). The traces of oligomers manifest 
themselves as an unpronounced shoulder in molecular-weight distributions (MWD) at 
low-molecular-weight part. This applies both to the polymerization in a liquid state at 
20 °C and in ice at –24 °C. The MWD are monomodal, and shifted to higher molecular 
weights when the oxidation took place at low temperature. The weight-average 
molecular weight of PANI produced in ice was Mw = 30 400, the weight-to-number 
average molecular weight ratio Mw/Mn = 6.6. It has to be noted that the reproducibility 
of the GPC results is not very good; the molecular-weight averages depended on the 
calculation procedures and have to be regarded as relative estimates only.  
 The oligomers are the main component when the polymerization takes place in a 
solution of a weak acid, 0.4 M acetic acid (Figure 5b).  The presence of polymer 
fraction is demonstrated by a broad peak at the high-molecular-weight region. Under 
such conditions the oxidation starts at pH 4.5 and the terminal acidity [50] is pH 1 and 
this acidity profile is responsible for the generation of oligomers at the beginning of 
oxidation and the growth of polymer chains at later stage. This two-component 
character is preserved also when the oxidation takes place in ice; only the proportion of 
polymeric fraction is considerably enhanced. The polymerization in ice yielded PANI 
having Mw = 23 200, and Mw/Mn = 5.6.  
 It should be mentioned that the presence of oligomers may be regarded as 
undesirable when the high conductivity and good processing properties are a goal [14]. 
On the other hand, such oligomers constitute an important template for the growth of 
PANI nanotubes and related morphologies [50,51]. 
3.4. Molecular structure 
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The molecular structure of PANI prepared at room temperature in solutions of strong 
acids is different compared with the samples prepared at mildly acidic conditions 
[50,51]. The spectrum of the PANI base prepared in the presence of 0.1 M sulfuric acid 
is similar to that reported in the literature [18,51–53]  (Figure 6, spectrum a). Additional 
peaks situated at 1444, 1414, 1040, and 694 cm
–1
 are observed in the spectrum of the 
product prepared in 0.4 M acetic acid (Figure 6, marked by arrows in the spectrum c). 
They were assigned to aniline oligomers containing the phenazine units [50,51]. The 
bands at 1444 and 1414 cm
–1
 are probably related to mixed C–C stretching, and C–H 
and C–N bending vibrations observed in the spectra of the aniline oligomers [14,53]. 
The peak at 1040 cm
–1
 is possibly due o the S=O stretching vibration and suggests the 
presence of sulfonic groups on the aromatic rings [54].  The band at 695 cm
–1
 is 
characteristic of mono-substituted aromatic rings, terminal groups in aniline oligomers, 
which corresponds to GPC results [14] (Figure 5). 
The corresponding spectra of PANI prepared in a frozen mixtures at –24 °C in 
0.1 M sulfuric acid (Figure 6, spectrum b) and in 0.4 M acetic acid (spectrum d) are 
very close to the shape of the spectra of samples prepared at 20 °C, including the 
differences between these spectra described above. The main peaks corresponding to 
quinone and benzene ring-stretching deformations at 1589 and 1497 cm
–1 
are slightly 
red-shifted in case of samples prepared in a frozen mixture, which indicates the 
protonation of the samples. The presence of a small peak at 880 cm
–1
 signifies the 
presence of ammonium hydrogen sulfate (spectrum e) which protonates the sample. The 
spectra of samples prepared at reduced temperature (spectra b and d) contain also broad 
bands of ammonium sulfate (spectrum f) located at about 1413, 1088 and 612 cm
–1
. 
This is explained as follows: the samples prepared in ice were transferred to the solution 
of ammonium hydroxide to stop the polymerization, and left to melt there. The solids 
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were quickly separated on a filter to separate any residual aniline and oxidant. The time 
was short enough to avoid any polymerization after melting but not sufficient to remove 
the ammonium hydrogen sulfate or ammonium sulfate, which are the reaction by-
products (Figure 1). The traces of residual ammonium hydrogen sulfate, which is an 
equimolar compound of sulfuric acid and ammonium sulfate (Figure 1) from the formal 
point of view, are likely to partly protonate the PANI base.   
 
3.5. Conductivity 
The conductivity is the most important property of conducting polymers.  The decrease 
of temperature from 20 °C to –24 °C leads to the increase in conductivity from 2.5 S 
cm
–1
 to 9.8 S cm
–1
 in 0.1 M sulfuric acid, and from 0.1 S cm
–1
 to 1.3 S cm
–1
 in 0.4 M 
acetic acid (Figure 7).
 
This is in the accordance with the earlier observations that the 
conductivity of PANI is only slightly dependent on the temperature of polymerization 
[5]; the changes of one order of magnitude are regarded as "small", because the 
decrease in conductivity connected with deprotonation of PANI amounts to ten orders 
of magnitude. A little effect of molecular weight on the conductivity can be explained 
by the comparable probabilities of inter- and intra-molecular charge transports. 
 
4. Discussion 
4.1. Oxidation of aniline on polyaniline 
 Kocherginsky et al. [6,27] have investigated redox processes occurring at PANI 
membranes. They have shown that a molecule of a reductant, ascorbic acid, and an 
oxidant, iron(III) chloride, can react, i.e. supply and accept electrons without being  in a 
direct contact, when separated by a conducting PANI membrane. Such a membrane 
enables the transfer of electrons from the reductant to an oxidant to occur. This concept 
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was extended to the polymerization of aniline [28]. Solutions of aniline hydrochloride (a 
reductant) and ammonium peroxydisulfate (an oxidant), separated by a PANI 
membrane, react in similar fashion to yield PANI by exchanging the electrons through 
the conducting polymer. Polyaniline was produced entirely on aniline side of the 
membrane.  
 The PANI that is produced during the polymerization of aniline may perform a 
similar role. Let us imagine a reaction mixture containing the molecules of a reductant 
(aniline salt) and an oxidant (ammonium peroxydisulfate), in the presence of already-
produced and still growing PANI body (Figure 8). An active PANI chain-end will add 
aniline monomer as a new constitutional unit. The abstraction of two electrons is needed 
for the formation of a chemical bond between the aniline and the existing PANI chain. 
These are accepted by the oxidant molecule, peroxydisulfate, which is reduced to 
sulfate. The crucial point is that any oxidant molecule in contact with PANI particles, 
and not only the oxidant molecules in the close vicinity of growing chains, can accept 
electrons. The electrons travel through the conducting PANI phase from the locus of 
polymerization to the oxidant. Consequently, neither the aniline monomer nor the 
oxidant molecules need to diffuse to meet each other in order to react.  
 It should be noted that simultaneous transport of protons should be considered in 
order to maintain the electroneutrality of the system [27,28] and the role of PANI as a 
mixed proton and electron conductor may become of importance [55].  
 
4.2. Polymerization in the frozen reaction mixture 
 The concept outlined above explains why the polymerization also takes place in 
a solid system in general and in a frozen aqueous medium, ice, in particular. Once the 
first traces of PANI have been formed, the molecules of aniline and peroxydisulfate 
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produce further PANI by transferring the electrons through the mass of existing PANI 
(Figure 3). We repeat that there is no need for the molecules to diffuse close to each 
other to react. As PANI grows by this mechanism, it gradually expands and penetrates 
the whole volume of the solidified reaction mixture; the electrons can then be 
transferred through the PANI structure, even over long distances. The resulting PANI 
structure thus has a connective character, and electrical contact between its parts is 
maintained, among others, also by PANI nanowires connecting the larger polymer 
particles (Figures 3, 4).  The fact that the aniline molecule, which is added to the 
growing PANI structure, can react with any oxidant molecule which is close to PANI, 
and not only with the neighboring one (contact reaction in Figure 8) dramatically 
increases the probability of reaction. That is why the polymerization is relatively fast 
even in the solid system. This principle also explains the well-known autoacceleration 
effect in the oxidation of aniline [15,56,57]; the larger becomes the mass of PANI in the 
early stages of polymerization, more oxidant molecules are in its vicinity, and the 
probability of aniline molecules to react with any of them strongly increases. The 
reaction slows down only after oxidant or aniline molecules or both become depleted.     
 In a chemical translation, we can schematically describe the above process as 
follows (Figure 9): the oxidant (peroxydisulfate) removes electrons from the emeraldine 
form of PANI – at some point on a PANI macromolecule or a PANI particle – and 
converts it to the pernigraniline form. On the other hand, the addition of an aniline 
molecule to growing PANI chain at another location results in the formation of a new 
constitutional unit of PANI. The transfer of electrons from the added aniline molecules 
to pernigraniline regenerates the original emeraldine form at both reaction loci.  
 We would like to make here the following point: the polymerization of aniline 
takes place in contact with preformed nanostructures of PANI and it is not important, 
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from the chemical point of view, whether the surrounding reaction medium is liquid or 
solid. The differences in the molecular structure of the resulting PANI are negligible but 
the supramolecular morphology depends on the state of the reaction medium.   
 
4.3. Concluding remarks 
 There are many questions that can be asked, yet the answers are not available. 
For instance, during the cooling of reaction mixture to freezing point, some of the 
components may become insoluble. This would result in the loci having the increased 
concentration, e.g. of aniline. The fact that sulfuric acid is produced especially at the 
places where ammonium peroxydisulfate accepts electrons from aniline may similarly 
produce a local increase in acidity. Such concentration inhomogeneities fixed in ice may 
affect the course of polymerization and the produced morphology.         
 
5. Conclusions 
 (1) The oxidative polymerization of aniline with ammonium peroxydisulfate 
proceeds well, even when the aqueous reaction mixture is frozen and the oxidation of 
aniline takes place in the solid state, i.e. in ice. This is explained by the transfer of 
electrons from aniline to oxidant assisted by the conducting PANI phase. The aniline 
molecule can be converted to a polyaniline constitutional unit by providing two 
electrons. These are transferred through conducting PANI body to any oxidant 
molecules at its vicinity. The aniline thus can react with an oxidant without any direct 
contact of these two molecules.   
 (2)  Granular PANI is produced in the liquid reaction mixtures in 0.1 M sulfuric 
acid, PANI nanotubes are produced in 0.4 M acetic acid. In the frozen mixtures at –24 
°C, the products are composed of submicrometre PANI particles connected by PANI 
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nanowires of ca 20 nm diameter. The nanowires are expected to provide the electrical 
contact and participate in the electron transfer between larger polyaniline particles.  
 (3) A decrease in the reaction temperature from 20 °C in the liquid state and the 
polymerization in ice at –24 °C results in a small increase in the conductivity measured 
at room temperature. The conversion of aniline to polyaniline is practically complete in 
both cases. Polyaniline of higher molecular weight is produced at lower temperatures. 
FTIR spectroscopy suggests that the molecular structures of the PANI prepared in the 
liquid or in the solid state identical.     
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Fig. 1. Aniline is oxidized with ammonium peroxydisulfate to PANI (hydrogen) sulfate. 
Sulfuric acid and ammonium sulfate are by-products. 
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Fig. 2. The time-dependence of the yield of PANI (a polymer obtained from 0.2 M 
aniline monomer) in the oxidation of 0.2 M aniline with 0.25 M ammonium 
peroxydisulfate in 0.4 M acetic acid in ice at –24 °C.     
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Fig. 3. The morphology of PANI prepared  in 0.1 M sulfuric in the liquid state at –5 °C 
(top), and in the frozen reaction mixture at –25 °C (bottom).  
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Fig. 4. The morphology of PANI prepared in 0.4 M acetic acid in the liquid state at –5 
°C (top), and in the frozen reaction mixture at –25 °C (bottom).  
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Fig. 5. Weight distributions of the molecular weight of PANI prepared in a liquid 
reaction mixture at 20 °C and in the frozen mixture at –24 °C (a) in 0.1 M sulfuric acid 
and (b) in 0.4 M acetic acid (bottom).  
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Fig. 6. The FTIR spectra of PANI bases obtained after deprotonation of the samples 
prepared in a liquid reaction mixture at 20 °C in 0.1 M sulfuric acid (a) and in 0.4 M 
acetic acid (c), the spectra of the deprotonated samples polymerized in frozen mixtures, 
in ice, at –24 °C in 0.1 M sulfuric acid (b) and in 0.4 M acetic acid (d), and the spectra 
of ammonium hydrogensulfate (e) and ammonium sulfate (f).  
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Fig. 7. The conductivity of PANI prepared at various temperatures in 0.1 M sulfuric 
acid (open squares) or 0.4 M acetic acid (full squares). 
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Fig. 8. A PANI chain growing in contact with PANI particles (marked by full arrow) 
adds an  aniline monomer  molecule (A) as a new constitutional unit. The electrons 
abstracted during the formation of the chemical bond incorporating the aniline molecule 
are transferred to the oxidant, peroxydisulfate molecule (P), which is reduced to sulfate. 
Any oxidant molecule in contact with PANI particles can accept electrons, which are 
transported through the conducting PANI phase (broken arrow) from the locus of 
polymerization. Aniline can also react with peroxydisulfate in the classical way, by 
exchanging electrons after physical contact between the molecules.    
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Fig. 9. The oxidant, peroxydisulfate, removes electrons from the emeraldine form of 
PANI, and converts it to pernigraniline. The addition of an aniline molecule to a 
growing PANI chain at another point results in the formation of a new constitutional 
unit. A transfer of electrons from the newly added aniline unit to the pernigraniline 
regenerates the original emeraldine form of PANI.  
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